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| Outline .

e Generalized pQCD approach with spin and k | -effects in distribution and
fragmentation functions and elementary dynamics for pp — h.X;

e SSA - theory: helicity formalism;

e SSA - phenomenology (1): Sivers and Collins effects vs. data;

e SSA - phenomenology (2): xr < 0: the gluon Sivers function;

e SSA - phenomenology (3): D meson production and Drell-Yan processes;

e Conclusions and outlook
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‘ Polarized cross sections: Helicity formalism I

¢ Helicity density matrices within a k| -factorization scheme to describe
parton spin states for a polarized cross section:

A,SA+B,Sg—C+X __ a/A,Sa ¢ b/B,SB };
do*=4 B = E Px, Al fa/A,SA(xaka—a)@pAb,Ag fo/B,55 (20, K 1b)

a,b,c,d,{\}
_]\A[ Z\A[* AAcH Ao L
® AcsAgidg s Ay AN AL ® D)\C,)\’C (2,k1c)

o pii ﬁzf 4 helicity density matrix of parton a inside hadron A with spin S 4

dAab—>cd - ~ 2 . .
¢ 10— ~ ZAW}\M}\C’M [ Mx, 2 ;x, .2, | (scattering amplitudes)

A AC’A’(:’ o A /\*
X Ay

i.e. the product of fragmentation amplitudes for c — C' + X
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‘ Helicity density matrices: phases from soft parts I

< PDF at L.O. (and twist two) as the inclusive cross section for A — a + X.
Helicity density matrix of parton a <> to the hel. density matrix of hadron A.

fa/A,SA(xaakLa) — Z)\A)\;& F)\A)\A
A)\a,>\/a - = A* a,)\a a,)\’
Fyo, =§5 Fxoneida Fapacv,
XA,Ax

@@

]:—AG,AX;AA (Tar kia) = Fa, apir, (Ta, kLa) €XP[IA 4 Pa]

A a>‘/a >‘a7>‘/a )
:>F>\:,>\14 (xaa kJ_a) — A\ (Ia, k_l_a) exp[z()\A - )‘14)¢a]

¢ same for FF (pion case): lA);TC’A,C = DZ\TC,A,C expli(A. — A’c)aﬁﬂ
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‘ Partonic interpretation: notations I

Spin and k | -dependent quark distributions of leading twist (8):

Afo,jt = fsuyr = ooy = [FiZ + F1 1] sing, [har, hiz]
Afs, p=—2ImF}] + [F}Z — F; ] cos ¢, b, har, hiy]
Afs.;y = 2ReF{* sing, 9i7]
Afs, /. =2ReFiT (7]
Afs v =Afs 4 =—2ImF{ [hi]
Afs, )y = [FHf — F7 [91(Afa)]
fajr = faja + % AN f 0 = [FIF + Fr + 2ImF cos ¢, -

[f1, fir]
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Single Spin Asymmetries: ATB — X

e Configuration (AB = pp):
AB center of mass frame - A along +Z-axis, 7 in the X Z plane with
p, parallel to + X -axis. S§4 =1 or | along Y-axis, Sp = 0.

e k£ ’simply: non-planar ab — cd scattering; different L directions.
Parton helicity amplitudes in pp c.0.m frame in terms of hel. amplitudes in
partonic c.0.m. frame.

e _ 70 & P widmbm ai(Aa—Ap) @Y
boost + rotations: My, x,:x, x, = M)y 5, (5,1) €’ &m gl 0)¢e

Various combinations of “T-odd” effects in (un)polarized cross sections but
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by including proper phases + numerical (8-dim., VEGAS) integration:

do™P ~ fo/p @ fop ® A6 @ Dy

dot —dot ~ ANf,, + ® fp)p, ®d6 ® D)0 “Sivers effect”
/P /P /
+ hia ® fo;p AAG Q AND, 1 “Collins effect”

Notice: the explicit phases entering the convolutions are
ANfa/pT R fo)p ®do @ Dy ye — sin(ds, — o) = €0s @q
h1a®fb/p ®dAOA'®AND7T/CT — Sin[¢SA - (¢a + Qb,c, —&a — ga + &+ gc + ¢wH)]

M. Anselmino, M. Boglione, U.D., E. Leader, F. Murgia PRD71 (05)
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| Parameterization of the Sivers function .

For each VALENCE quark ¢ = u, d we adopt the factorized form

AN forpr (k1) = 2Ny (2) B(kL) fop(2, kL)

where

Ny(z) = Nyxz®(1 — x)bq (aq + bQ)(aq+bQ)

3" by’
2k, M
h(ky) =
) =
k 2 12
alternative k| depend.:  h/(k.) = V2e ﬁL’ e k1L/M

— '] parameters
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Apn at £ =200 GeV vs. z, at p,,=1.5 GeV/c. Data are from [E704] PLB261-264 (1991).

Sivers effect [left] (valence-like). Collins effect [right](full saturated).
N, = +0.40 a,, = 2.0 b, = 0.3 Transversity funct. and
Ng=-090ay;=2.0b5 =0.2 Collins funct. full saturated

~ CONSISTENCY with SIDIS
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Ed%/d® p [GeVZ/icm?]

0O 01 02 03 04 05 06 070 0.1 02 03 04 05 0.6 07
Xg Xg

Estimates of 7w¥ invariant cross sections with (left) and without (right) k | effects
at /=200 GeV vs. x g for different pp values. U.D. & F. Murgia PRD70 [03].
Data are from [BNL] Donaldson et al. PLB 73 (1978).
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Predictions of Ay (pp — 7°X) in
terms of Sivers effect alone [U.D.
and F. Murgia PRD70 (05)] at /s
=200 GeV and n = 3.8 VS. Z,
Data are from [STAR] PRL92
(04).
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Predictions of Ay (pp — 7°X) in

terms of Sivers effect alone at /s
=200 GeV and n = 4.1 vs. z,.
STAR preliminary data.
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Predictions of Ay (pp — 7= X)in
terms of Sivers effect alone at +/s

=200 GeV and 0§ = 2.3(2.6) deg.
vs. zr [BRAHMS kinematics].
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PHENIX: s = 200 GeV2, n = 0

04 ——r———————————————
0.35 | Sivers-gluon-satur. - .
0.3 F. from fit (valence Sivers)
025 [ . op > 70 X
02 |
o015 F e
0.1 .........................
0.05 -
0
-0.05 — all other effects give zero Ay
-0.1 A S S
1 2 3 4 5 6

Predictions of Anx(pp — 7°X) in

terms of Sivers effect alone at /s
=200 GeV and n = 0 vs. pr
[PHENIX kinematics]. Consistent
with preliminary data.

Maximized effects are also shown.
Collins effect suppressed!
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Consistency between Sivers functions from p'p — 7X and /pT — ¢/7X

o /p — ¢'mX (HERMES): moderately small x5 (z) = explore “sea region”
and No gluons at LO;

e pp — wX (E704, STAR), large A at large x 7 = constraint to the valence
behaviour of TMD pdf’s. [U.D. and F. Murgia PRD70 (04)]
gluon-sea cancelation at work at xp ~ 07

e Interplay of Collins effect ?
New analysis [M.Anselmino et al. PRD71 (05)] with full microscopic dy-

namics = suppression of the Collins effect;
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‘ All mechanisms at work in pTp — 7X I

pp->n'X
08 _' LA LA AL L DL DL | L T T T T T
S ivers (quark)
0.7 [ e Sivers (gluon) ]
[ e hy X Collins (quark)
0.6 N ]
05 | ——— E704 data i
_c;u osl E,.,=200 GeV pt=1.5GeV/c ]
< PRELIMINARY 1 ]
0.3 [ I ]
0. ) _ ,,,,, I I i
0.1 | e { oL ]
0 T T e N TOT LS S ety cltr et ule S| R P BT
-1 -08 -06 -04 -02 0 02 04 06 08 1

Contributions to A v at /s =20 GeV, keeping only proper phases: Af(z, k) = (2)f(z, k).
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‘ SSA at zr < 0 and the gluon Sivers function I

p'p — wX in terms of ab — cd [c fragments into 7]

xr > 0(x1 > xp) — valence region of pT and sea region for p
zr < 0 (zq low) — sea region of p' and valence region of p

in particular

zp—1=t—0andz; — 1:
i) 2 /t2 terms dominate the partonic cross section
i1) gb — ¢b (larger PDF and FF) enhanced

rp — —1=u—>0and ;1 — O:
i) 52 /42 terms dominate the partonic cross section

i1) gq — qg (larger PDF and FF) enhanced

U. D’Alesio (Univ. and INFN, Cagliari) SSA and partonic intrinsic motion

15



BNL, New York, 1-3 Jun 2005

STAR - saturated Sivers functions

o217+
........... gluon
s = 2002 GeV?
0.15 + i
- M =-4.1
< 01F 1
pp—->7t0X
0.05 i
0 ! i ot !

Estimates of A v (Sivers effect), saturating the positivity bounds [AN fa/pt (k1) =2fq/p(z, kL )] ,

at 4/s =200 GeV and fixed n = 4.1. 5 times smaller than at /s =20 GeV!!!
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‘ Phases and partonic dynamics [Sivers effect: cos ¢, ] I

partonic process: ab — cd

t = (pg — pe)? = —2E,E.(1 — cosby.)
U = (pb — pc)2 — _2EbEc<1 — COS gbc)

p. = E.(sinf,.,0,cos6.) = E.(sinf,0,cos0r) [p.//py]

D, = (k1408 ¢g, k1 qsin ¢y, By cosb,) Dy, = (k1pcosdp, kipsin ¢y, By cosby)
with

cosf, ~ 1+ O(k3 /s) cosOp =~ —1 4+ O(k3 /s)

cosOue = k1 4/ FEqcos ¢, sin by + cos by,
cos Ope = k1p/Ep cos ¢y sin 0, — cos Oy,

0, — 0(xp > 0): £ = 0 enforced for ¢, — 0 almost independent of ¢y

0, — m(xp < 0): & — 0 enforced for ¢, — 0 almost independent of ¢,

U. D’Alesio (Univ. and INFN, Cagliari) SSA and partonic intrinsic motion 17
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e at STAR |n| ~ 4i.e. 0 ~ 2(178) degrees

= at xr < 0 (all range) 4 dominance and almost no ¢ contamination

= do almost independent of ¢,: strong suppression from the integration of
the cos ¢, Sivers factor;

xr < 0 data seem not able to constrain the gluon Sivers pdf

e at E704, /s =20 GeV with pr > 1 — 1.5 GeV
= 10(20) < 0, < 170(160) degrees (depending on x )
= also at z — —1 still a contamination from ¢, i.e. dependence on ¢,, in

do and therefore a less severe suppression;
but No data

e at PAX A in the negative z r region: a potential tool.
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Predictions of Ax(pp — wX) in
terms of Sivers effect alone at /s
= 14 GeV and pr = 1.5 GeV vs.
z, [PAX kinematics].
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PAX - saturated Sivers functions
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[ —>ntX
0.2 f PP

015 F el

01 |

0.05

Estimates of Ax(pp — 717 X) in
terms of Sivers effect alone, satu-
rating the positivity bounds, at /s
= 14 GeV and pr = 1.5 GeV vs.
z, [PAX kinematics].
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‘ Gluon Sivers function from pTp — DX at RHIC I

M. Anselmino, M. Boglione, U.D., E. Leader, F. Murgia PRD70 (04)
e unpol. cross-sections: qq¢ — c¢ + gg — cc¢ (dominant: up to 10 times)

e helicity formalism with full k,: do' — do+ develops various ‘“’T-odd”
combinations

NO h AND, /et (zero transverse single spin transfer)
e proper phases: integration washes out all terms BUT Sivers effect

e gluon dominance up to x g = 0.5 (x—saturated):
An # 0 = gluon Sivers effect

Also from jet correlations in p'p reactions (D. Boer, W. Vogelsang PRD69 [04]).
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pt (GeV/c)
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Estimates for A in terms of Sivers effect, x—

saturated from

quarks or gluons at y/s = 200 GeV vs. x, at fixed n = 3.8
(left) and at fixed pr = 1.5 GeV/c (right).
FF set: Cacciari et al. PRD55 (1997).
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PAX - saturated Sivers functions
05 ——r——1+———1 17—
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04 |

0.35 |

0.3

< 025} ppbar-->DX .
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Estimates of An for pr — DX at PAX, collider mode, +/s = 14 GeV, at fixed pr
= 1.9 GeV. Access to the quark Sivers function. NO Collins effect!!
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Access to the Sivers effect and universality: SSA in pTp — ¢T/~ X processes

[M. Anselmino, U.D., F. Murgia, PRD67 (03)]

Differential cross sections in the variables: M?, y, q., [qi < M?]
Angular distribution of the lepton pair production plane: integrated over.

dot —dot ~ AN f 41 (2a, k10) © fa/8(xh, Kkp) d59T7E7E

Other mechanisms for SSA in Drell-Yan processes:
Yo hi(@a, ko) @AY for g (20, kb)) ® dA51~C" ¢ D, Boer PRD60 (99)]

dAG = do™ — do™ ~ cos2¢ [¢p = PANpg-1 [dd =0
Universality [J. Collins PLB536 (02)]:

Aqu//ﬁ ([13, kL)|DY = _Aqu/AT (LI?7 kL)|D[S???
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| Conclusions and outlook .

e A generalized pQCD approach to SSA and unpol. cross sections:
LO-pQCD + spin and new k | -dependent PDF and FF;

o An(p'p — mX): Complete k| -helicity formalism + phenomenology.
True detailed microscopic dynamics (proper phases) =
Sivers effect results confirmed;
Collins effect suppressed (against former claims!);

e good agreement with recent STAR data on Ax both at zz > 0 and
rr < 01n terms of Sivers effect alone and valence like behaviour.

o An(p'p — wX) at zr < 0: strong suppression (of all mechanisms!!)
by phase conspiracy;

— at large energies (RHIC) and 8 — m all contributions, even saturated,
give almost zero SSA.

— at intermediate energies (PAX) the xr < 0 region may constrain the
gluon Sivers function;
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o An(p'p — 7X) at zp = 0 vs. pp [PHENIX]: strong suppression;
ONLY SIVERS effect (gluon and/or sea quark) at work!

e SSA with DD meson production as a tool to extract the gluon Sivers func-
tion (RHIC) and the quark Sivers function (PAX).

e SSA in Drell-Yan: a tool to extract the quark Sivers function and to test
the universality condition on TMD pdf.

e Combined analysis of different processes and in different kinematical
configurations to map the TMD structure of hadrons.

U. D’Alesio (Univ. and INFN, Cagliari) SSA and partonic intrinsic motion 25



